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Abstract 
 
The objective of this research is to examine if there are any effects of the rederivation 
procedures on rabbit growth pattern and on weight of different organ in adults. For this 
purpose, three experiments were conducted on two different groups of animals (control 
group and vitrified–transferred group) to evaluate the possible effect of embryo manip- 
ulation (vitrification and transfer procedures) on future growth traits. The first experiment 
studies body weight from 1 to 9 weeks of age from the two groups. The second experiment 
describes the growth curve of progeny from experimental groups and analyzes their 
Gompertz curve parameters, including the estimation of adult body weight. The third 
experiment has been developed to study if there are any differences in different organ 
weight in adult males from the two experimental groups. In general, the results indicate that 
rederivation procedures had effect on the phenotypic expression of growth traits. The 
results showed that rabbit produced by vitrification and embryo transfer had higher body 
weight in the first four weeks of age than control progeny. Results from body weight (a 
parameter) and b parameter estimated by fitting the Gompertz growth curve did not show 
any difference between experimental groups. However, differences related with growth 
velocity (k parameter of the Gompertz curve) were observed among them, showing that the 
control group had higher growth velocity than the vitrified–transferred group. In addition, 
we found that liver weight at 40th week of age exhibits significant differences between the 
experimental groups. The liver weight was higher in the control males than in the VF 
males. Although the present results indicate that vitrification and transfer pro- cedures 
might affect some traits related with growth in rabbits, further research is needed to assess 
the mechanisms involved in the appearance of these phenotypes and if these phenotypes 
could be transferred to the future progeny.  
 
 
1. Introduction  
Rederivation consists of establishing an animal popu- lation from cryopreserved material. 
This procedure is commonly used to export genetic material, estimate the genetic gain, or 
preserve from epizootics [1–3]. Strain rederivation from cryopreserved embryos has been 
used to assess the genetic improvement of quantitative traits such as prenatal survival, litter 
size, and growth characteristics in polytocous species such as mice, rats, and rabbits [4–7]. 
Nevertheless, rederivation efficiency of cryobanked embryos is related among others with 
the genotype of donor and recipient does, the use of superovulatory treat- ments and the 
cryopreservation procedure used, which induce differences in environmental effects that in 
fact could cause changes in embryo, fetuses, and postnatal development [8–11]. The effect 
of the genotype on the rederivation efficiency of cryobanked embryos in the rat, mouse, and 
rabbit has been observed [3,12–14]. In fact, Vicente et al. [15] reported that cryopreserved 
embryos from paternal rabbit lines (selected for growth characteristics) showed reduced 
survival rate after transfer (10% less) compared with cryopreserved em- bryos from 
maternal lines (selected for reproductive char- acteristics such as litter size at birth or at 
weaning). One management tool used to achieve higher survival rates after thawing 
consists of transferring the embryos of paternal lines to recipient does from a maternal line. 
Over the past decade, research works have questioned whether embryo cryopreservation 
and transfer procedures are neutral to survivors [16–18], as preimplantation em- bryos are 
removed from their natural environment and subjected to manipulation (cryopreservation 
and transfer procedures) which in fact affect their RNA expression [19,20], placental 
transcriptome, and proteome [21]. 
Recently, positive long-term effects of cryopreservation and transfer procedures on female 
reproduction have been reported in rabbits by Lavara et al. [22], with changes in epigenetic 
control regions caused by embryo manipulation or favorable maternal effects the most 
plausible explana- tions. However, little is known about the possible effect of embryo 
cryopreservation and transfer on postnatal growth development in mammals. Only some 
insights into the roles of embryo manipulation on overgrowth syndrome in ruminants [23–
25] and on growth traits in rabbits during the first 63 days of life [26] have been reported. 
The aim of this research is to examine whether there are any long-term effects of the 
rederivation procedures on rabbit growth pattern and on weight of different organs in 
adults. 
 
2. Materials and methods  
All experimental procedures involving animals were approved by the Universitat 
Politécnica de Valencia’s Research Ethics Committee. Animals were handled ac- cording to 
the principles of animal care published by Spanish Royal Decree 53/2013.  
2.1. Animals  
The experiment was carried out with animals from a paternal line (line R) and from a 
maternal line (line V) reared at the Universitat Politécnica de Valencia. Line R is selected 
for growth rate between the fourth and ninth weeks of age using individual selection [27], 
whereas line V is selected with best linear unbiased prediction method- ology for litter size 
at weaning [28].  
2.2. Experimental design  
Briefly, morulae from line R were collected on Day 3; the embryos were then vitrified and 
transferred to recipient does from line V after thawing. Offspring from these litters form the 
vitrified–transferred group (VT group). On the other hand, line R progeny from naturally 
produced contemporaneous litters form the control group. On the day of parturition, litter 
size (including both live and dead kits) and the date of the birth were recorded from control 
and VT litters.  
Three different experiments were then carried out to evaluate the possible effect of embryo 
manipulation (vitrification and transfer procedures) on future growth traits. The first 
experiment studied body weight (BW) from 1 to 9 weeks of age from the two groups.  
The second experiment describes the growth curve of progeny from experimental groups 
and analyzes their Gompertz curve parameters, including the estimation of adult BW.  
The third experiment was conducted to determine whether there are any differences in 
different organ weights in adult males from the two experimental groups.  
We know that direct comparisons between progeny from the control and VT groups are not 
free of different postnatal maternal effects, as VT and control litters were expected to have 
different litter sizes at birth and were gestated and nursed by different females (R or V 
females). To partially resolve this question, we included the covariate number of liveborn at 
birth in the analytical model, but the use of V females as recipients of the transferred 
embryos was considered an intrinsic component of the rederivation procedure.  
2.3. Rederivation procedure  
A rederivation experiment was carried out where em- bryos were previously vitrified.  
2.3.1. Embryo collection  
Embryos were obtained from adult females (line R). Females were inseminated with semen 
from an unrelated mature tested male from the same line to avoid an increase in 
consanguinity. At artificial insemination time, females were injected with 1 mg of buserelin 
acetate (Hoechst Marion Roussel, Madrid, Spain) to induce ovulation. Embryos were 
flushed from excised oviducts and uterine horns 70 to 72 hours after artificial insemination 
(AI), using a medium consisting of Dulbecco’s PBS (DPBS) supplemented with 0.2% 
(wt/vol) BSA and antibiotics (300,000-IU penicillin G sodium; 700,000-IU penicillin G 
procaine; and 1250-mg dihydros- treptomycin sulfate; Penivet 1; Divasa Farmavic, 
Barcelona, Spain). Embryos classified as morphologically normal (clas- sified as normal 
when they presented correct developmental stage, homogeneous cell size and cytoplasm 
aspect, and intact spherical ZP and mucin coat) were vitrified.  
2.3.2. Vitrification and warming  
The vitrification procedure is described in detail elsewhere [29]. Briefly, the vitrification 
procedure was carried out in two steps at room temperature (approx. 20 _ C–22 _ C). In the 
first step, embryos from one donor doe were placed for 2 minutes in a vitrification solution 
consisting of 12.5% DMSO and 12.5% of ethylene glycol in DPBS supplemented with 
0.1% of BSA. In the second step, embryos were suspended for 30 seconds in a solution of 
20% DMSO and 20% ethylene glycol in DPBS supplemented with 0.1% of BSA. Then, 
em- bryos suspended in vitrification medium were loaded into 0.125-mL plastic straws 
(ministraws, L’Aigle, France).  
Warming was performed by horizontally placing the straw 10 cm from liquid nitrogen for 
20 to 30 seconds; when the crystallization process began, the straws were immersed in a 
water bath at 20 _C for 10 to 15 seconds. The vitrification medium was removed while 
loading the em- bryos into a solution containing DPBS and 0.33-M sucrose for 5 minutes, 
followed by one bath in a solution of DPBS for another 5 minutes.  
 
2.3.3. Embryo transfer  
After warming, embryos were evaluated morphologically, and only embryos without 
damage in mucin coat or ZP were transferred into the oviducts of pseudopregnant recipient 
females following the procedure described by Besenfelder and Brem [30]. Ovulation was 
induced in recipient females with an intramuscular dose of 1 mg of buserelin acetate 60 to 
64 hours before transfer.  
2.3.4. Control progeny  
The control progeny group was obtained without embryo vitrification and transfer 
procedures following the common management of the selected line R. Briefly, 
contemporaneous control litters were produced using AI as reproductive technique. The AI 
was performed on receptive females using 0.5-mL of diluted fresh semen that fulfilled the 
motility and morphology criteria (for more details see [31]) from individual males. 
Immediately after insemina- tion, ovulation was induced by an intramuscular injection of 1 
mg of buserelin acetate.  
2.4. Experiment 1: Growth during the first 9 weeks  
To test for effects of rederivation procedures on offspring BW from 1 to 9 weeks of age, 
records of control progeny (control group, n 1⁄4 844 weights, from 96 rabbits) were 
compared with those that were previously vitrified and transferred (VT group, n 1⁄4 392 
weights, from 44 rabbits).  
2.4.1. Statistical analyses  
The mixed linear model fitted for the analysis of BW at a given week was  
Xijmnl 1⁄4 b1 BAi þb2 Aj þTm þcn þeijmnl  
where xijmnl is the BW of the animal at a given week, BAi is the covariate number of 
liveborn at birth and b1 represents its regression coefficient, Aj is the covariate age at the 
BW record and b2 its regression coefficient, Tm is the fixed effect of the treatment with 
two levels (control and VT), cn is the random common litter effect, and eijmnl is the 
residual.  
Differences in BW at each week between the experi- mental groups were computed as the 
difference in their least squares means (control_VT) and plotted as a percent of the mean of 
the control group.  
2.5. Experiment 2: Obtaining mature BW and parameters of growth curves  
Mature BW was estimated by fitting the Gompertz growth curve to 70 animals from two 
different groups (control and VT) and sexes (control-males: 15, control- females: 15; VT-
males: 21, VT-females: 19), weighed weekly from 1 to 20 weeks old (140 days).  
2.5.1. Statistical analyses  
Gompertz curve parameters for each animal were esti- mated by a nonlinear regression 
using the NLIN procedure (SAS Inst. Inc.) [32]:  
Xjm 1⁄4 am exp1⁄2_bm expð_km tÞ_ þ ejm  
where xjm is the BW of animal m at age t (days); am, bm, and km are the Gompertz growth 
curve parameters of animal m, and ejm is the residual.  
As to the meaning of parameters, a can be interpreted as the mature BW maintained 
independently of short-term fluctuations; b is a timescale parameter related to the initial 
BW; k is a parameter related to the rate of maturing.  
The mixed linear model fitted for the analysis of Gom- pertz growth curve parameters is as 
follows:  
Xijkl 1⁄4 Ti þSj þck þeijkl  
where xijkl is the Gompertz parameter, Ti is the fixed-effect treatment with two levels 
(control and VT), Sj is the fixed- effect sex with two levels (male and female), ck is the 
random common litter effect, and eijkl represents the residual.  
In addition, to improve the analytical accuracy of the estimates, the standard error on the 
prediction of each Gompertz parameter was included as weighting variable.  
Different contrasts were computed to test the signifi- cance of the differences between the 
fixed effects evaluated (treatment and sex).  
Gompertz 1⁄2ae_be_kt _ and maturity 1⁄2e_be_kt _ curves for control and VT groups were 
represented with the aid of the “graphics” package of R [33].  
2.6. Experiment 3: Adult male dissection  
Adult males (40 weeks of age) from the control (n 1⁄4 16) and VT (n 1⁄4 10) groups 
randomly selected from 19 litters were slaughtered and dissected to obtain the following 
organ weights: liver, kidneys, lungs, heart, adrenal glands, spleen, and gonads, in addition 
to BW.  
2.6.1. Statistical analyses  
The mixed linear model fitted for the analysis of organ weight is as follows:  
Xijkl 1⁄4 b BWi þTj þck þeijkl  
where xijkl is the organ weight, BWi is the covariate BW and b represents its regression 
coefficient, Tj is the fixed-effect treatment with two levels (control and VT), ck is the 
random common litter effect, and eijkl represents the residual.  
Differences in organ weight between the experimental groups were computed as the 
difference in their least squares means (control_VT).  
2.7. General remarks on statistical analyses  
All analyses with the exception of Gompertz curve estimation parameters used partial sums 
of squares to obtain estimates of each fixed effect independently of all model components, 
including the common litter random effect. Statistical analyses were carried out using the 
PROC MIXED procedure (SAS Inst. Inc.) [32].  
3. Results  
To test the possible effect of rederivation procedures on growth in rabbits, line R progeny 
derived from vitrification and embryo procedures was compared to line R progeny from 
naturally produced contemporaneous control prog- eny. In general, the results indicate that 
the rederivation procedure had an effect on the phenotypic expression of growth traits.  
3.1. Growth during the first 9 weeks  
For BW from the first until the ninth week of age, rederivation procedures had an effect 
over the lactation period (from 1–4 weeks, Table 1). The results showed that rabbits 
produced by vitrification and embryo transfer had higher BW in the first four weeks of age 
(Table 1, Fig. 1).  
Litter size for the rederived litters, measured as the sum of both live and dead kits at birth, 
had an average of 5.03 kits. This was about 65% of size of naturally produced 
contemporaneous control litters which had a mean size of 7.8 kits. Differences in the 
number of liveborn affected BW from birth through 9 weeks of age, as the significance of 
the covariate BA indicated (Table 1).  
3.2. Obtaining mature BW and parameters of growth curves  
Differences between sexes were not found in any of the Gompertz curve parameters 
analyzed. In addition, mature BW (a parameter) and b parameter estimated by fitting the 
Gompertz growth curve did not show any difference be- tween the experimental groups 
(Table 2). However, differ- ences related with growth velocity (k parameter of Gompertz 
curve) were observed among them, revealing  higher growth velocity in the control group 
than in the VT group (Table 2 and Fig. 2). These differences were confirmed by the 
maturity curves shown in Figure 3, where we see that the maturity rank order between 
groups changes. During the lactation period, rederived animals showed higher maturity 
degree than control animals, but at the end of the experimental period, this rank order 
changed.  
 
3.3. Adult male dissection  
In this work, we also study the effect of progeny origin on the weights of liver, kidneys, 
lungs, heart, adrenal glands, spleen, and gonads in adult males. After adjusting for BW, 
only liver weight exhibited significant differences between the experimental groups. The 
liver weight was higher in control males than in VF males (Table 3).  
4. Discussion  
Results of this study report that vitrification and transfer procedures involved in a 
rederivation program for rabbit embryos have long-term consequences on future rabbit 
growth patterns. Cryopreservation of mammalian embryos has benefitted both breeding and 
biomedical research in recent decades, due in part to the improvement of techniques related 
to vitrification, freezing–thawing processes, and transfer procedures. To this end, rabbit 
embryo banking has allowed the preservation and spread of genetically superior animals 
over different countries [34] and the possibility of evaluating the genetic gain in maternal 
lines [4–7] without cumulative genetic drift variance [35]. Nevertheless, it is known that 
these techniques induce changes in environ- mental and maternal side effects modifying the 
embryo gene expression and methylation pattern [19,20,36], the transcriptomic and 
proteomic placental profile [21], and their viability [29,37], but little is known regarding the 
long-term effects on the derived progeny. Some authors postulate that these procedures do 
not induce major anomalies but can lead to morphologic and behavioral features in adult 
mice derived from frozen embryos [16]. However, Auroux et al. [17] found a beneficial 
effect in longevity in adults, and Lavara et al. [22] reported a positive long-term effect on 
reproduction traits in rederived rabbit females from vitrified embryos, probably due to 
changes in epigenetic control regions related with reproductive traits.  
 
In this study, we report differences in BW during the lactation period. These differences 
could be related with several aspects, among them the positive maternal effect due to the 
low number of litter size in VT litters compared to control litters and, probably, the embryo 
manipulation procedures. It is known that embryo manipulation occurring at 
preimplantation stages might alter future development because during this period, the 
embryo must undergo different events [38], affecting for instance the birth weight in human 
[18], or the appearance of “large offspring” phenotypes in cattle (for review see [25]), 
probably as a result of the impact of embryo manipulation on expression of some growth-
related imprinted genes. In fact, some re- searchers postulate that early exposure of 
mammals to stressful experiences could evoke some resilience to the effects of stressors 
[39] and, therefore, the early stress due to embryo manipulation could also act to adapt or 
prepare individuals for stressful environments. On the other hand, the low litter size in VT 
litters provides better a uterine environment for fetuses, probably causing epigenetic marks, 
than those provided to fetuses gestating in normal litter size [40], and this better uterine 
environment, jointly with the high availability of milk provided by the mother for each kit, 
could explain the increased growth during the lactation period in VT progeny.  
Moreover, the lactation period is an important event that could influence the future 
development of the animal. In our case, it seems that these differences in BW during the 
lactation period influenced growth patterns. Growth curves can describe the entire growth 
process in terms of a few parameters having a biological meaning. In this study, we fitted a 
Gompertz curve by nonlinear regression because among the growth curves available, it fits 
better than other curves for describing growth of rabbits [41]. Our results reported that 
rederivation procedures modify the growth velocity without modifying the adult BW in 
males and fe- males. Similar results regarding growth velocity differences were observed 
by Cifre et al. [26], where animals coming from cryopreserved embryos showed a higher 
weaning weight but reduced growth rate during the fattening period (from 4–9 weeks of 
age). During our study period (1 to 20 weeks of age), changes in the maturity rank order 
between progeny groups were observed, the maturity degree being higher during the 
lactation period (until the 4 weeks) in VT progeny, whereas the rank order at 20 weeks 
changes with the control progeny being more mature than VT progeny, indicating that 
animals do not have the same degree of maturity at a fixed BW or the same physiological 
status at a constant age [42].  
Therefore, the current finding of lower maturity degree in VT progeny at 20 weeks of age 
could explain the difference observed in adult male liver weight between both groups. 
Nevertheless, it must be pointed out that a recent study has reported that embryo 
cryopreservation and transfer pro- cedures induce changes in the placental function, altering 
the lipolytic–lipogenic pathway [21], which in fact could affect future organ development, 
as reported in a series of studies in swine [43,44]. In addition, several authors re- ported 
modifications in adult organs size due to embryo manipulation. For instance, Mahsoudi et 
al. [45] and Calle et al. [46] observed that manipulation of preimplantation mouse embryos 
resulted in altered organ sizing, and Serrano et al. [47] observed that modifications in 
embryo culture conditions modify the adult phenotypes, increasing the sensitivity to 
development of liver steatosis in females. These phenotypes could be the consequence of 
messenger RNA expression differences of metabolic relevant genes due to changes in 
methylation pattern [48,49]. Moreover, these epigenetic marks may be transmitted to the 
next two gen- erations, as Calle et al. [46] observed. It is important to bear in mind that if 
the phenotypes observed in this study are due to heritable epigenetic marks, special care 
should be taken when vitrification and embryo transfer procedures are used as tools to 
evaluate the response to selection in rabbit lines, as the estimated selection response could 
be biased.  
Although the present results indicate that the rederivation process might affect some 
growth-related traits in rabbits, further research is needed to assess the mechanisms 
involved in the appearance of these phenotypes and whether these phenotypes could be 
transferred to the future progeny.  
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higher growth velocity in the control group than in the VT
group (Table 2 and Fig. 2). These differences were
confirmed by the maturity curves shown in Figure 3, where
we see that the maturity rank order between groups
changes. During the lactation period, rederived animals
showed higher maturity degree than control animals, but
at the end of the experimental period, this rank order
changed.
3.3. Adult male dissection
In this work, we also study the effect of progeny origin
on the weights of liver, kidneys, lungs, heart, adrenal
glands, spleen, and gonads in adult males. After adjusting
for BW, only liver weight exhibited significant differences
between the experimental groups. The liver weight was
higher in control males than in VF males (Table 3).
4. Discussion
Results of this study report that vitrification and transfer
procedures involved in a rederivation program for rabbit
embryos have long-term consequences on future rabbit
growth patterns.
Cryopreservation of mammalian embryos has
benefitted both breeding and biomedical research in recent
decades, due in part to the improvement of techniques
related to vitrification, freezing–thawing processes, and
transfer procedures. To this end, rabbit embryo banking has
allowed the preservation and spread of genetically superior
animals over different countries [34] and the possibility of
evaluating the genetic gain in maternal lines [4–7] without
cumulative genetic drift variance [35]. Nevertheless, it is
known that these techniques induce changes in environ-
mental and maternal side effects modifying the embryo
gene expression and methylation pattern [19,20,36], the
transcriptomic and proteomic placental profile [21], and
their viability [29,37], but little is known regarding the
long-term effects on the derived progeny. Some authors
postulate that these procedures do not induce major
anomalies but can lead to morphologic and behavioral
features in adult mice derived from frozen embryos [16].
However, Auroux et al. [17] found a beneficial effect in
longevity in adults, and Lavara et al. [22] reported a positive
long-term effect on reproduction traits in rederived rabbit
females from vitrified embryos, probably due to changes in
epigenetic control regions related with reproductive traits.
Table 2
Least-square means and standard errors of Gompertz curve parameters
from different groups.
Gompertz
parameter
Group
C (n ¼ 30) VT (n ¼ 40)
a 4190.62 " 131.48 4290.98 " 105.12
b 4.18 " 0.14 4.01 " 0.12
k 0.0334 " 0.0011a 0.0286 " 0.0008b
n represents the number of samples.
a,bValues in the same row with different superscript are significantly
different (P < 0.05).
Abbreviations: C, control; VT, vitrified transferred.
Fig. 2. Growth curves from control (C) and vitrified–transferred (VT) groups.
Fig. 3. Maturity curves from control (C) and vitrified–transferred (VT)
groups.
Table 3
Results from dissection analyses of adult males.
Component (weight, g) Group
C (n ¼ 16) VT (n ¼ 10)
Liver 98.87 " 2.88a 83.64 " 3.84b
Kidney 21.69 " 0.55 20.79 " 0.74
Heart 21.40 " 1.31 20.73 " 1.74
Lungs 10.73 " 0.45 10.04 " 0.61
Spleen 1.35 " 0.09 1.27 " 0.12
Gonads 6.44 " 0.49 7.21 " 0.66
Adrenal glands 0.53 " 0.05 0.46 " 0.06
n represents the number of samples.
a,bValues in the same row with different superscript are significantly
different (P < 0.05).
Abbreviations: C, control; VT, vitrified transferred.
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